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ABSTRACT
TWO AXIS DILATOMETER DESIGN AND PRELIMINARY STUDY OF EPOXY 
MICROCRACKING IN 3D CARBON FIBER WOVEN COMPOSITES
By
Jordan Mathew Kusch 
University o f New Hampshire, September 2013 
Degree Advisor: Todd Gross
Microcracking is an issue which plagues many types o f composites today and
is more prevalent in the advanced woven composites such as three dimensional
woven carbon fiber composites. Understanding and avoiding m icrocracking is a
process which requires special instrum entation to study the form ation of
•*
microcracks and is capable o f measuring stresses inside epoxy during curing. This 
research develops a test instrum ent capable of measuring deformations in samples 
of curing epoxy which can related to triaxia l stresses up to and after failure. Our 
instrument can be used to study the epoxy curing process in a new ligh t and to 




Carbon fiber composites are a vita l part o f our technologically growing 
world. Where everything needs to be lighter, stronger, faster, and "greener", 
composite materials are the perfect answer. While composites technology grows 
and materials become cheaper to manufacture, they are beginning to be seen in 
everyday items to replace common metals such as steel and aluminum.
Three-dimensional (3D) woven carbon fiber composites are one such 
example o f the growing composites technology. 3D woven composites are 
manufactured using looms which can control the orientation o f many individual 
warp and weft fibers simultaneously, resulting in parts which can vary in thickness 
and weave pattern. These parts are significantly stronger in shear and stiffness, 
exhibit high damage tolerance, improved fatigue behavior, have desirable thermal 
conductivity properties, and are highly resistant to delamination due to the through 
thickness weave not present in normal 2 dimensional woven composites. In the 
past, the cost of manufacturing these materials has lim ited th e ir use in m ilita ry  and 
aerospace applications, however recently the ir advantages over conventional 
composites have made 3D woven composites a desirable material for crucial 
components in such areas.
The increased stiffness as a result o f the through-the-thickness weave 
pattern and difference in material properties o f the carbon fiber and resin also 
introduce some complications into the manufacturing o f parts. The firs t is known as 
cure shrinkage, which is the reduction in volume o f the resin as the composite cures. 
The second is the coefficient o f thermal expansion (CTE) mismatch between the 
carbon fiber weaves and epoxy matrix. Both o f these factors result in  pockets o f 
high triaxia l tensile stress during the cure and cooling processes, which results in  
void in itia tion  and microcracking o f the resin. Toughened epoxies have proven to 
reduce or even eliminate this cracking; however they are also more expensive and 
currently not approved fo r use in many aerospace applications. For this reason, the 
focus o f this research was on experimentally determ ining the fa ilure characteristics 
of Hexcel RTM-6 epoxy and ways to elim inate the cracking w ithou t changing the 
mechanical properties o f the final product.
1.2 Thesis Summary
Chapter 2 discusses the cure characteristics o f a generic epoxy resin and fiber 
composite. The different stages o f the curing process are explained in order to 
understand how the phase change affects the entire system. The mechanical, 
chemical, and thermal properties of the resin become an im portant aspect o f the test 
instrument design as w ell as cure cycle selection. Previous w o rk  in this field o f study 
is also discussed.
Chapter 3 presents current revision of our two axis dilatom eter style test 
instrument. The design criteria  are discussed and the final design o f each
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subsystem is presented in detail. It must be noted that the results presented are 
based solely on the radial axis o f the test instrument. Measurement complications 
allowed only the development o f a single axis. Some focus is also put on previous 
test instrum ent designs and how they evolved over tim e into the final design. It is in 
chapter 3 that the main portion of the research time was spent attempting to 
develop a reliable and repeatable instrument.
Chapter 4 presents the characterization o f the test instrument. LVDT 
calibration results are provided and the temperature dependence issues of both the 
LVDTs and the entire instrum ent are viewed in detail. Here we discuss some of the 
lim itations o f the test instrument and where the largest sources o f e rro r in our 
results could be located. The baseline tests o f the instrum ent are also introduced to 
show how we determined if  the results were reliable.
Chapter 5 discusses the in itia l results o f the epoxy testing and provides some 
reasoning behind the different trends witnessed. Here we are fina lly  able to take 
some displacement measurements o f the epoxy filled quartz tubes and determine 
the triaxial tensile stresses present in the epoxy during the entire cure cycle. Two 
different quartz tube sizes are used and results are compared.
Chapter 6 provides a summary o f the w ork  performed on the test instrument 
and the results obtained through testing. Future w o rk  is also presented fo r the 





Understanding the epoxy curing process is v ita l to determ ining when and 
how the microcracking occurs. This chapter focuses on the d ifferent effects the 
curing process has on the epoxy from  liqu id  to solid state. The epoxy undergoes 
mechanical, thermal and chemical changes w hile  curing and each o f these contribute 
to the quality of the final product. Previous research in  this fie ld o f study is also 
introduced.
2.2 Epoxv Curing Characteristics
The curing of epoxy is a complicated process in which the chemical reaction 
is dependent on three main variables: temperature, time, and pressure. The 
standard cure cycle for epoxies is a two-step process, where the three variables are 
adjusted to yield the best possible result. The typical two-step cure cycle consists of 
the in itia l cure cycle, followed by the post cure cycle. The cure cycle is designed for 
any trapped gases, such as air, water, or volatiles to escape the resin, as well as 
allow the m atrix to flow  evenly through the composite part [1], Since resin flow  is 
the focus o f the cure cycle, the temperature is chosen to keep viscosity at a 
minimum. Resin viscosity decreases as the temperature is increased until a certain 
cure temperature is reached, resulting in rapid curing and a sharp increase in
viscosity [1]. The length o f time o f this firs t dwell is chosen to a llow  solidification of 
the epoxy at the dwell temperature, yet not complete curing. This cure temperature 
and time is carefully chosen by manufacturers specifically for each resin and stated 
as the manufacturer recommended cure (MRC) cycle on the product specifications 
sheet.
A typical MRC cycle includes a heating ramp from  room temperature to cure 
(dwell) temperature which allows all components to adjust to the change evenly. 
During this ramp, the uncured liqu id  resin expands due to its high coefficient o f 
thermal expansion (CTE) w ithou t any significant curing [2]. Resin curing begins 
during the firs t dwell period which is a highly exothermic reaction. Large pockets of 
resin therefore release a significant amount o f heat during cure, which can result in 
large temperature gradients across the part [3]. Since temperature gradients can 
result in accelerated curing in concentrated areas, it  is preferentia l to minim ize 
large pockets of resin in parts.
The curing process of the epoxy resin is the transform ation from a liquid 
state to a solid state, resulting in the changing o f mechanical properties o f the resin. 
During this transformation and the fo llow ing post cure cycle, the resin polymer 
undergoes a process known as cross-linking [1]. Cross-linking is when the long 
polymer chains create a bond w ith  other chains in the resin. This process greatly 
stiffens the material and enhances the mechanical properties. The post cure cycle is 
designed to maximize amount o f cross-linking in the resin, and in turn  the 
mechanical properties o f the composite as a whole. Unfortunately, the process o f
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cross-linking also introduces chemical, or cure, shrinkage. The volum etric strain o f 
the resin can be as large as -6% during cross-linking and is linearly  proportional to 
the degree o f cure [1]. The RTM-6 resin used in this research is a commercially 
available product designed by Hexcel; therefore the exact chemical structure is 
proprietary. The resin is based on a tetra functional epoxy system and a blend o f 
aromatic amine hardeners [4]. The typical curing process fo r this type o f epoxy is a 
network polymerization, which is sim ilar to cross-linking.
Figure 2.1 illustrates a standard single-step cure cycle where the furnace 
temperature is increased over a ramp from  room temperature to 180°C, held at the 
dwell temperature fo r close to two hours, and then returned to room temperature. 
Also shown in Figure 2.1 is the degree o f cure o f the epoxy resin. Significant curing 
does not occur until about 45 minutes into the test length, shortly  after reaching the 
dwell temperature. The degree o f cure increases rap id ly during the dwell period 
before reaching 100% cure.
Figure 2.1 shows the d ifferent processes that occur during the thermal cycle.
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Figure 2.1  -  Example cure cycle profile p lotted vs. the degree o f  cure o f  the resin [3 ]
As the furnace temperature is increased, the CTE of the uncured epoxy causes it  to 
expand greatly, while some in itia l chemical shrinkage begins to take place. Only 
chemical shrinkage takes place at the dwell temperature as the epoxy cures since 
the furnace is no longer changing in temperature. Once the epoxy is fu lly  cured and 
begins cooling, thermal contraction occurs in the resin. The CTE o f the cured resin is 
significantly lower than that of the liqu id  resin, which results in  the masking o f some 
o f the chemical shrinkage of the part [3]. The evolution o f the CTE o f a generic 
epoxy as curing increases is shown in Figure 2.2. The liqu id  resin begins to gel at 
around 65% cured, resulting in an uncured CTE o f about 120ppm/°C and a cured 
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Figure 2.2  -  CTE o f  epoxy as degree o f  cure is increased [2 ]
The post cure cycle of the standard two-step cure process also consists of 
carefully chosen parameters such as temperature and time. Here the main 
mechanical properties of the composite are developed as the m atrix fu lly  cures and 
compromises must be made to avoid unwanted properties. A low  post cure 
temperature is preferential fo r ease o f manufacturing and reduced CTE mismatch 
between the fibers and matrix. However a low  temperature requires a longer dwell 
time, which increases costs. A high dwell temperature decreases the dwell time, but 
increases the CTE mismatch as well as the residual stresses in  the composite part 
[1]. A part w ith  high residual stresses can deform or even crack when returned to 
room temperature, rendering it  unsuitable for use. In order to  produce a fu lly  cured 
and quality product, compromises are made between dwell tim e and temperature to 
make sure the part is fu lly  cured w ith  the least possible residual stresses. There has
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been extensive research into this subject w ith  advances made effectively reducing 
the residual stresses in composite parts by adjusting the times, temperatures as well 
as pressures [1]. These changes are h ighly material specific however and must be 
adjusted depending on both the fiber and m atrix choices.
Extensive testing has also been previously done on many epoxy resins to 
determine both uniaxial and triaxia l fa ilure stress values. Hobbiebrunken [5] 
included tensile testing o f dog bone specimens o f RTM-6, yie ld ing a fracture stress 
o f oy = 87MPa at room temperature. Asp [6] also conducted uniaxial tension tests 
on 4 different epoxies, all w ith  measured fracture stress values ranging from 60- 
86MPa. Asp [6] also used poker-chip samples to test triaxia l tensile fracture 
stresses o f the same epoxy resins. The triax ia l tensile facture stresses measured by 
this method ranged from 26-32MPa. While these previously measured values are 
not completely applicable to our proposed test method, the fracture stresses found 
in this research help lay the basis of w hat we expect to find.
2.3 Summary
The MRC is specifically designed fo r each epoxy to yield the best cure result 
and mechanical properties. This is achieved by using the most common two step 
cure cycle, which consists of the cure and post cure steps. The cure cycle is designed 
to minimize the viscosity of the m atrix and a llow  gases to escape while maintaining 
minimal cure. The post cure cycle is designed to optim ize the mechanical properties 
through cross-linking while m inim izing residual stresses. Im proper choice o f 
temperature, time or pressure can result in high residual stresses and m icro­
9
cracking, however both o f these issues can still be a result o f a high resin volume 
fraction in one concentrated location. Since the manufacturer has a specification for 
the cure shrinkage o f the epoxy, and thermal expansion values can be estimated for 
both the resin and fibers, we can determine how much displacement we are 
expecting to see during the cure cycle.
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CHAPTER 3
TWO AXIS DILATOMETER DESIGN
3.1 Introduction
The goal of this project was to determine the triax ia l tensile stress failure 
surface for the resin as a function of temperature. This inform ation w ill be used as a 
resin material property in a fin ite  element model o f 3D woven composites and w ill 
allow the model to make predictions o f failure due to triaxia l stress in the resin 
pockets. A triaxia l stress state can be achieved by confining the resin in a closed-end 
tube during curing. The stress state in  the resin can be inferred from  axial and 
radial deflections o f the tube wall using th ick-wall pressure vessel formulas and 
fin ite element models. The instrum ent is designed to take measurements in both 
. axes, however due to the incomplete status o f the instrument, only the radial axis is 
operational.
Fused quartz was chosen as the tube material because i t  provided the 
maximum constraint of expansion and contraction. Fused quartz has a CTE of 
0.5ppm/°C. While the carbon fiber weave has a CTE of -0.64ppm/°C, the quartz 
would still restrict the expansion and contraction o f the epoxy due to thermal and 
curing effects. Fused quartz tubes could also be purchased in many different outer 
to inner diameter ratios, which allowed freedom to experiment w ith  different 
internal pressures at different temperatures. Also, the fused quartz is clear so
I
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cracks were visually apparent in the epoxy which was im portant fo r data 
comparison. In future work, we intend to use d ifferent tube materials to decrease 
the triaxia l stress at each temperature (because the thermal mismatch w ill be less).
The proposed method o f measuring the displacements o f a fused quartz tube 
during curing requires a test instrum ent which can make highly accurate 
displacement measurements in two axes, sim ilar to a dilatometer. While single axis 
dilatometers currently exist fo r the purpose o f measuring the coefficient of thermal 
expansion o f various materials, modifying one o f these to take measurements in a 
second axis was not a feasible option. Instead, the fundamental concepts of a high 
accuracy measuring device were carried over to the design o f a two axis 
dilatometer. This chapter discusses in detail the design, construction, and usage o f 
the two axis dilatometer style test instrum ent for the use o f measuring stresses seen 
in epoxy throughout the curing process.
3.2 Design Criteria
In itia l design criteria fo r the test instrum ent called for a device that would be 
simple, repeatable, and robust fo r use in the lab environment. While further design 
requirements could not be determined un til more advanced analysis was 
performed, basic elements of the device are listed as:
• Accurately measure displacements o f a quartz tube in both a radial 
and axial direction
• Furnace capable o f perform ing the recommended cure and post cure 
cycles for the epoxy resin
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•  Clear furnace to view  quartz/epoxy sample w h ile  curing
• Simple and repeatable insertion o f quartz tube in to  test setup
•  Real time data collection
Design criteria that better defines the test instrum ent heavily relied on 
determining the resolution required to measure expected displacements o f the 
quartz tube and epoxy resin during the heating and curing processes. Figure 3.1 
represents a simple way to picture the thermo-mechanical effects the quartz tube 
and epoxy experience during the curing process.
Initial Heat Cure/Cool Cool
25 °C 160-180 X  180-25 °C 25 DC
Figure 3.1 -  Exaggerated cure cycle o f the quartz tubes filled with epoxy
As the furnace is heated up from  room temperature to  the cure temperature, 
both the quartz tube and epoxy expand due to the positive CTE o f both materials. 
The expansion rate o f the epoxy is much larger than that o f the quartz, which should 
put the epoxy in a compressive stress. We assume tha t the epoxy does not begin to 
cure until i t  reaches the cure temperature but some curing may occur during the 
heating cycle, which would begin to counteract the compressive stress seen in the
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heating cycle, which would begin to counteract the compressive stress seen in the 
epoxy. The tube is expected to contract as the epoxy cured, due to the cure 
shrinkage characteristics o f the epoxy and assuming perfect w all adhesion to the 
quartz tube. Both the epoxy and the quartz tube contract during the cooling cycle, 
however the epoxy contracts at a much higher rate. A t some point, the epoxy cracks 
due to the high triaxia l stresses generated by the mismatch in thermal expansion 
coefficients and the tube discontinuously expands. I t  is these tube deformations 
that were measured and recorded during testing.
3.3 Initial Analytical Model
A simple analytical model gives a firs t order approximation to the 
deformations expected in the quartz tube over the temperature cycle used.
Knowing the tube material, rough dimensions, and temperature changes, the linear 
thermal expansion o f the sample can be calculated using Equation 3.1.
A L = aLAT 3.1
Here a is the CTE, L is the sample dimension, and AT is the temperature change.
The quartz tube samples used fo r testing had a length o f about 25mm, 6mm outside 
diameter, a Poisson’s ratio of 0.17, and the temperature change from  room 
temperature to cure temperature was 140°C. These values were substituted into 
Equation 3.1, resulting in an expected diameter change o f 0.462pm simply due to 
temperature effects. This firs t order approximation o f displacement change gave us 
an idea o f the needed displacement resolution o f our test instrument. Since we were 
expecting to see displacements o f about ha lf a micron, an instrum ent capable of
measuring about 50nm became our target. Using this value in the th ick walled 
pressure vessel equations below, we w ould be able resolve a stress o f about 2MPa.
3.4 Displacement Measurement Instrument
There are many different ways to measure displacement currently used in 
both research and consumer settings. Some o f these options include optical, laser, 
and direct contact, all o f which have the ir own strengths and weaknesses. The 
in itia l design criteria set for the test instrum ent lim ited which methods could be 
used. The clear quartz tube poses a problem fo r the optical methods possible in this 
situation. The quartz tubes are also round, making any optical or laser method 
d ifficu lt to measure an accurate displacement change. The d irect contact method is 
the least expensive o f these three options and s till works w ell w ith  clear and round 
samples. For this reason, a linear variable differentia l transducer (LVDT) was 
chosen to take the displacement measurement o ff o f the quartz sample.
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Basic Operation o f the LVDT
Primary
Secondary b /  Secondary a
Electrical Insulation
Figure 3.2 -  D iagram  o f  the in terior o f  an L V D T [5 ]
An LVDT consists o f a cylindrical housing which consists o f three separate 
windings, as seen in Figure 3.2. The prim ary w inding is located between two 
secondary windings, all of which surround a separate core which moves through the 
center of the housing. The prim ary w ind ing is excited w ith  a constant amplitude 
A.C. voltage supply at a user specified frequency in the kHz range. This sine wave 
creates a variable magnetic fie ld in the prim ary winding, w hich is then induced into 
the secondary windings by the core. The differentia l output voltage, defined as the 
prim ary voltage (Va) minus the secondary voltage (Vb), is linearly  proportional to 
the distance o f the core from the zero, or null, position. The direction o f the core 
from  the null position is determined from  the phase sh ift w ith  reference to the 
excitation (Va-Vb). The phase sh ift ranges from  about 0°-180° depending on 
direction, w ith  90° being the null position. The signal conditioner supplies the sine 
wave, demodulation, filtra tion and calibration functions o f the LVDT w ith  an output
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in the form o f a -10 to 10 vo lt signal. Since the core is fu lly  analog, the LVDT itse lf is 
has an infin ite  resolution and can be accurately used to measure a relative 
displacement simply by moving the core through the housing [7].
3.5 Curing in Quartz Tubes
The quartz tube filled w ith  epoxy can be treated as a th ick walled pressure 
vessel during the curing process. Knowing the tube dimensions, elastic properties, 
and diameter change during the cure process, the th ick walled pressure vessel 
equations can be used to find stresses in  the epoxy. Equation 3.2 is the plane stress 
th ick walled pressure vessel equations, as firs t derived by Lame in 1833[8].
In Equation 3.2, u  is the radial deformation, P* is the internal pressure, P0 is 
the outer pressure, b is the outer radius, a is the inner radius, v  is the Poisson's 
Ratio, and E is the elastic modulus. Assuming tha t the outer pressure, P0, is 
negligible, and r=b since the test instrum ent is measuring the outer radius o f the 
tubes Equation 3.2 can be reduced to Equation 3.3 [8].
Equation 3.3 is the simplified plane stress formulation. Since we are using 
cylindrical tubes where stress normal to the x-y plane is not zero, the plane stress 
form o f the pressure vessel equation is not accurate. The plane stress equation is
Pid2 — P0b2 (1 — v )r  a2b2(P0 — P*) (1 + v) 1 
U b2 — a2 E b2 — a2 E r
3.2
2 p ( l  - v 2)a 2b 
U ~ E(b2 -  a2)
3.3
E vconverted to the plane strain case by substitu ting— r instead o f E and —  instead
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of v [9]. Equation 3.3 is then solved fo r the internal, Pi, resulting in Equation 3.4, as 
seen below.
_  uE(b2 — a2) ( l  — v)
1 2a2b(l -  v — 2v2)
Equation 3.4 can now be used to calculate the internal pressure o f the quartz tubes 
when filled w ith  epoxy by measuring the deflection o f the tube during the test. In 
this equation, negative values o f u correspond to negative internal pressure, P, on 
the tube equal to triaxia l tensile stresses in the epoxy. This assumption o f a uniform  
triaxia l stress state in the epoxy is not entire ly true due to small shear stresses near 
the interface o f the epoxy and quartz, and because azz =  v {a xx +  ayy)  fo r plane 
strain. However the triaxia l stress approximation has proven to yield reasonably 
accurate results.
3.6 Design Evolution
Many factors which led to unreliable results in the test instrum ent were 
overlooked at the time of in itia l design and build. These issues became apparent 
once testing on the firs t setup had commenced. The causes could be attributed to 
temperature changes and gradients in the system, which were addressed through 
multip le iterations of the setup. Each redesign slow ly increased the repeatability 
and re liab ility  o f the system while  try ing  to keep s im plic ity in mind.
Steel Frame Design
The firs t design we bu ilt and tested, seen in Figure 3.3, consisted o f a steel
frame to support the LVDTs, linear bearings, reference rods, and sample rods along
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Steel Frame Design
The firs t design we bu ilt and tested, seen in Figure 3.3, consisted o f a steel 
frame to support the LVDTs, linear bearings, reference rods, and sample rods along 
w ith  Invar rods to support the sample inside the furnace. W hile this design focused 
on holding the sample firm ly  and making sure the sample rod was restricted to 
linear motion, the steel plates were exposed to the large temperature changes o f the 
furnace during each test. The high CTE of the steel (13ppm/°C) and the large 
temperature changes resulted in the entire setup expanding and contracting, as well 
as temperature gradient which could not be controlled when exposed to ambient 
air. The open concept allowed easy access to all o f the supported parts for 




Figure 3.3 -  Initial LVDT mount design
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Invar Plate Design
The second main LVDT mount system that we b u ilt addressed the main 
issues w ith  uneven thermal expansion o f the steel plate mounts. In order to reduce 
this effect, the entire mount was made out o f th in  Invar plates, as shown in Figure 
3.4. Invar has a CTE of 1.5ppm/°C, which results in almost ten times less 
deformation due to heating than the steel. The mount was also supported by a three 
point system, which used three small ball bearings and a spring system to hold the 
main mount to a bottom support plate. This system reduced conductive heating o f 
the LVDT mount from  the instrum ent frame. A second strategy to reduce 
conductive heating to the LVDT itse lf was to have a three po in t support to the LVDT 
body from the Invar plate. This LVDT holding technique reduced the LVDT heating 
through conduction as well as allowed us to center the LVDT body in the mount. 
Centering the LVDT body in the Invar plate reduced the LVDT heating effects, as 





Figure 3.4 -  Full Invar plate LVDT mount
The fu ll Invar plate design solved many o f the conductive heating issues the 
steel plate design did not address; however the system was s till vulnerable to 
convective heating from the furnace.
Introduction o f water cooling
After a few attempts to simply and accurately control the temperature of the
LVDT bodies, water cooling was introduced into the system. We used a constant
temperature water bath to pump w ater through aluminum blocks attached to the
LVDT bottom plates, illustrated in Figure 3.5. The firs t attem pt at water cooling was
aimed at cooling the rods that ran into the furnace before they reached the LVDT
support plate. The rods that entered the furnace to hold the sample were heating
the rest o f the LVDT mount through conduction, leading to thermal gradients and
deflections that were not consistent from  test to test.
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Figure 3.5 -  Full Invar plate mount with water cooling block
The water cooling blocks attached to the LVDT mounts did aid in cooling the 
rods before reaching the LVDT body, however since the Invar plate design was 
designed to reduce conductive heating and cooling by reducing the LVDT contact to 
the mount, the water block was not effective at contro lling the temperature o f the 
LVDT body.
Quartz Rod
We replaced the Invar rods w ith  quartz rods in another e ffo rt to reduce
heating to the LVDT housing and unwanted deflections. The CTE o f fused quartz is
lower than that o f Invar and it  also has a low er thermal conductiv ity coefficient,
therefore reducing both the thermal expansion and heat conduction to the LVDT.
The issue w ith  quartz rods arose when try ing  to secure the rods in place to the
LVDT mount and to the sample back plate. Set screws were used to keep everything
in the mount from slipping, yet allow ing in fin ite  adjustability. The set screws were
not able to grab the smooth surface o f the quartz rods and led to slipping o f the back
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plate. The slipping resulted in constantly decreasing displacement measurements, 
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Figure 3.6- LVDT output with fused quartz rods used fo r  measuring displacement 
*
When the furnace heated up to temperature, the back plate and set screws which 
held the sample in place expanded. This allowed the set screws which held the back 
plate in place to loosen, causing the mounting points to slip. Set screws are able to 
compress the Invar and hold the ir position, while the quartz allows them to slip.
The benefits of the smaller total displacements and low er heat conduction to the 
LVDT was overshadowed by the non-repeatable results we saw w ith  the fused 
quartz rods.
Solid Aluminum Water Cooled Design
Water cooling in conjunction w ith  a constant temperature chiller became our
best option to tigh tly  control the temperature o f the LVDT body and rods. The next
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redesign, pictured in Figure 3.7, focused on a simple solid block design w ith  water 
cooling run throughout the entire mount. The entire block was made from 
aluminum for the high thermal conduction properties and ease o f machining. The 
design ran water through a U channel in the bottom  block to quickly and evenly cool 
the entire mount. The LVDT body is mounted at its m idpoint, which is also the same 
location as the two reference rods, as seen by the line o f three holes on the top o f the 
mount in Figure 3.7.
Figure 3.7 -  First fu ll aluminum LVDT mount with built in water cooling channel
The solid aluminum block w ith  water cooling design gave us promising 
results, yet there was still a section of the rods and pressure spring that were left 
exposed to the ambient a ir conditions before entering the furnace. The exposed rod 
length became a reason for concern since they may have been experiencing different 









The evolution o f the LVDT mount designs eventually led to our most recent 
solution. The final version addressed the shortcomings o f all previous iterations, 
resulting in a LVDT mount which was simple to use, easily machined, and stable.
3.7 Overview of Dilatometer Design
The two axis dilatometer style test instrument, as seen in fu ll in Figure 3.8, is 









Figure 3.8 - Overview o f the test setup
The test instrum ent was designed around the LVDT housing setup, since it
was responsible for taking the measurement o ff o f the surface o f the sample w ith
the required accuracy. Each LVDT was mounted in a housing which was held at
constant temperature using a constant temperature water bath. The housing
supported the sample and reference rods in contact w ith  the sample in the furnace
all at the same plane w ith  respect to the axis o f the rods. Both LVDT housings and
furnace were mounted on a frame designed to keep heat conduction from  the
furnace to the LVDT support to a m inimum. The furnace heat source was mounted
separately from the instrument frame to avoid any direct v ibra tion  sources to the
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LVDTs. The output o f each individual system was recorded using a 16 b it National 
Instruments USB-6210 DAQ fo r processing w ith  a calibration which corresponded 
to a resolution o f 7.63nm per bit.
3.8 LVDT and Signal Conditioner Selection
The results from the analytical calculation o f stress were used as an in itia l 
requirement fo r the LVDT accuracy. An LVDT accuracy o f 0.05 pm was chosen to be 
able to resolve a stress o f about 3MPa. The LVDT chosen which meets this 
requirement was the Measurement Specialties MHR 025 in conjunction w ith  the 
Measurement Specialties ATA 2001 Signal Conditioner. Nanometer resolution could 
be achieved using these two devices w ith  the correct calibration, signal conditioner 
settings, and DAQ, provided environmental conditions were controlled.
3.9 Water Cooled LVDT Mounts
Both LVDT mounts were carefully designed to be simple to machine, yet 
allow for measurements in the tens o f nanometers range to be feasible. This was 
achieved by using a three rod design to hold the sample and take measurement, as 
seen in Figure 3.9. The middle Invar rod, which w ill be referred to as the sample 
rod, was against the quartz sample tube on the furnace end and connected to the 
LVDT core on the opposite end. The rod was held in place by a linear bearing and a 
spring to maintain constant pressure on the sample. The outer tw o Invar rods, 
referred to as reference rods, were connected to the Invar sample back plate inside 
the furnace and mounted to the LVDT housing on the opposite end.
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measurement can be taken w ith  the sample rod. The second is to offset any thermal 
expansion changes the middle sample rod should see during the test. In our in itia l 
design, all three rods were the same length and made o f Invar, this ensured that all 
rods experienced the same temperature effects during the test and the LVDT 
measurement would not be influenced by therm al effects on the rods.
Figure 3.10 shows the actual radial LVDT mount used in  the test instrument. 
The support blocks were made from  alum inum due to its ease o f machining and high 
thermal conduction coefficient. The bottom  block was designed w ith  an internal 
water flow  channel which circulates through the fu ll length o f the block in a "U" 
shape, cooled by a Thermo Scientific NESLAB RTE 740 Recirculating W ater Bath set 
at 22°C w ith  a temperature stability.of ±0 .0 l°C  This ensures the entire LVDT 
housing, sample rod, and reference rods remain at a stable and low  temperature 



















Figure 3.10 -  Solidworks assembly o f radial LVDT mount system
It is im portant to note that the reference rods were secured at the same location as 
the center o f the LVDT body w ith  set screws. Other than this mounting point, the 
entire length of the reference rods had a loose f it  w ith  the alum inum blocks. A loose 
f it  ensured that the reference rods would not be influenced by any uneven 
expansion the aluminum block may have experienced during the test cycle. The 
same strategy was used in the sleeve which held the LVDT body in place. This 
sleeve was snug to the LVDT body in the center, yet had a loose f it  on both ends. In 
this case the loose f it  allowed the LVDT body to expand and contract freely due to 
thermal expansion while keeping the electrical center in one location.
3.10 Instrument Frame and Furnace
The aluminum frame which contains many o f the test instrum ent systems 
was constructed using 80/20 Inc. frame sections. The 80 /20  sections are easy to 
customize to our application and have many mounting options, while remaining
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lightweight and inexpensive. The frame was designed to reduce thermal conduction 
paths from the furnace mounting po in t to both LVDT housing mounts due to the 
LVDTs high sensitivity to temperature fluctuations. The frame was also able to be 
adjusted to accommodate various sized LVDT housing units during the design 
process.
Figure 3.11 -  Full test instrument frame design with LVDT housings and furnace
The furnace was mounted on the top ra il o f the instrum ent frame w ith  the 
two LVDT housings mounted in fron t and below the furnace. Figure 3.11 shows 
both LVDT housing units mounted to the bottom  ra il o f the frame. This mounting 
position ensures that any frame heating due to the furnace must travel the furthest 
length possible to heat either housing through conduction.
The furnace itse lf was constructed out o f a steel frame fo r mounting w ith  
clear high temperature glass on the top, front, and bottom  o f the furnace for view ing
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purposes. The high temperature glass was precisely cut to leave m inimal gaps 
between panels and to allow the sample rods to pass through freely for 
measurements.
3.11 Furnace Temperature Control System
Figure 3.12 - Watlow PID Temperature Controller
Figure 3.12 shows the PID temperature contro ller selected to control the 
temperature o f the furnace throughout each test cycle. The contro ller was a W atlow 
EZ-ZONE PM w ith  both switched DC and process current outputs to accommodate a 
variety o f switching options. The contro ller read an inpu t from  a type K 
thermocouple in the furnace at a sampling rate o f 10 Hz and used the switched DC 
output to control a solid state relay (SSR). The SSR was connected to the heating 
coil in a 1500 W att heat gun. To ensure proper a irflow  through the heating coil and 
furnace, the heat gun fan power was w ired through the temperature control box to
be on at all times while a test was running.
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3.12 Data Collection
Data collection was done using a National Instruments USB-6210 Data 
Acquisition [DAQ] Device and stored using a LabVIEW script. During each test the 
furnace temperature and both radial and axial displacements were recorded at a 
sample rate o f 10 Hz. Figure 3.13 shows the LabVIEW script used during testing. 
The graph on the righ t is the furnace tem perature and the tw o on the le ft are both 
displacements, radial on top and axial on the bottom. For in itia l instrum ent 
characterization testing only the radial displacement was measured. This was done 
because the system went through many design changes, making it  easier to w ork 
w ith  a single system instead o f both. Once the radial m ount yields repeatable and 
accurate results, the axial system w ill be designed sim ila rly  and implemented into 
the test instrument.
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Figure 3.13 -  Screenshot o f LabVIEW script used to plot and record test data
31
We processed the collected data in Matlab to generate the plots seen in the 
upcoming figures and to calculate the triax ia l stress state the epoxy experienced 
during the cure cycle. A simple data averaging algorithm  was used to eliminate 
some of the electrical noise in the signals. This was accomplished using Matlab's 
smooth function over 50 data points fo r the displacement signals and over 30 data 
points fo r the temperature signal. Since the LVDTs output a relative displacement, 
both displacement signals were also zeroed at the beginning o f the test.
3.13 Summary
The lengthy design, built, test, redesign cycle eventually produced a test 
instrument capable o f resolving displacement changes o f about 5-10nm. The water 
cooling blocks allowed us to control the temperature o f the LVDTs and surrounding 
components to ±0.01°C, which was v ita l when w ork ing in close range to the furnace. 
The PID control on the furnace heat gun was able to hold the tem perature to 
±0.25°C. A stable furnace temperature was necessary to keep deformations due to 
temperature change to a minimum. I f  the furnace temperature is constantly 
changing, everything inside the furnace is also constantly expanding and 
contracting. Such movements w ill be measured by the LVDT and interfere w ith  
deformations due to curing. The tig h t control we maintained over the parameters in 
the instrum ent and the use of highly sensitive electronics resulted in an instrum ent 






This chapter focuses on the steps we took to determine the stab ility o f the 
test instrument in terms o f temperature changes to various sections, w ith  and 
w ithou t a sample present in the furnace.
We firs t individually calibrated the LVDT’s and quantized the ir response to a 
thermal change to determine the stab ility  o f the instrument. We then measured the 
response o f the entire system to the thermal cycle w ith  an em pty quartz tube. This 
data was used to create a baseline instrum ent response which would be subtracted 
from the response of the epoxy filled tube.
4.2 LVDT Calibration
The LVDTs were calibrated to ±0.25mm over a ±10V range using a GCTS 
LVDT calibration device. The GCTS DCD-025 has a resolution o f 0.001mm and an 
accuracy o f ±0.002mm. This calibration, Figure 4.1, resulted in a sensitivity of 
40.25V/mm and 40.22V/mm for the axial and radial LVDTs, respectively. Each 
LVDT was calibrated w ith  one specific core and signal conditioner, where it  stayed 
as a set for the entire length of testing for consistency. The signal conditioners were 
set at an excitation frequency of 10 kHz and on the high gain setting, which takes a 
0.04 to 0.9 VAC rms input to produce a 10 VDC output.
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Figure 4.1 -  Axial and Radial LVDT calibration
The .5mm calibration over the 20V range and use of a 16 b it DAQ resulted in a 
resolution o f 7.63nm /bit.
4.3 LVDT Temperature Sensitivity
The LVDTs are sensitive to temperature and ambient conditions. An 
apparent displacement in the LVDT output was observed when the housing 
fluctuated in temperature due to furnace heating or ambient conditions. This 






Figure 4.2 -  Diagram of the exaggerated thermal effects on the LVDT housing
Figure 4.2 shows the LVDT housing in blue and the LVDT core in black. I f  the 
core is held in the center o f the housing at a stable temperature, the LVDT w ill 
output zero volts. A slight temperature change in the LVDT environm ent causes the 
LVDT housing to expand or contract proportionate ly w ith  temperature, due to the 
CTE of stainless steel. Expansion or contraction o f the housing results in  an 
apparent displacement change even though the core remained stationary. I f  the 
LVDT is mounted in the center o f the housing as well as the core, then ambient 
temperature effects would not cause an apparent displacement in  the LVDT output, 
however once the core moves away from  the electrical center then it  w ill no longer 
be immune to temperature fluctuations.
Figure 4.3 demonstrates the apparent displacement o f the LVDT core and the 
effects that temperature fluctuations had on the LVDT setup. In  this test, the core
was held stationary inside the housing while the temperature o f the water cooling 
system was increased from  a stable temperature o f 22°C to 32°C then back to 22°C. 
Assuming the LVDT housing was in good contact w ith  the water cooling block and 
the temperature of the water remained constant throughout its cycle through both 
radial and axial LVDT mounts then the temperature o f the LVDT housing can be 
stated to be equal to that o f the water bath. During the test length the radial LVDT 
output was recorded and plotted as a function o f time, as seen in Figure 4.3.
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Figure 4.3 - LVDT Core displacement as a result of a 10°C LVDT housing temperature change
In this test the LVDT measured a displacement o f 1.2pm over the 10°C temperature 
change. Knowing the water bath is stable to ±0.01°C and assuming the LVDT 
housing was also at this same temperature, then the maximum thermal stability o f 
the system was ±116.4 nm/°C.
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4.4 Baseline Determination
Extensive testing was done on empty quartz tubes which revealed im portant 
information about our test setup. This testing, labeled as baseline testing, consisted 
of heating and cooling quartz samples inside the furnace w hile recording either o f 
the LVDT axes. The purpose o f baseline testing was to determine the repeatability 
and accuracy o f the system, as w ell as find a baseline fo r how the empty quartz 
samples deformed in conjunction w ith  the rest o f the instrument. Once epoxy 
testing began, this baseline data could be subtracted from  the epoxy deformation 
data to reveal the effects of the epoxy.
Baseline testing o f each LVDT setup required a fast and repeatable test to 
run multiple times. The manufacturer's epoxy cure cycle recommended curing the 
part for 75 minutes at 160°C, plus the heating and cooling ramps. This cure cycle 
was too long and unnecessary when determ ining how w ell a certain LVDT setup 
worked in the test instrument, because most therm al or mechanical effects take 
place during the heating or cooling cycles o f the furnace. For this reason a shorter 
cure cycle was used when testing the setups w ithou t any epoxy in the quartz tubes. 
The cure cycle used for testing consisted in a 5°C/m in ramp to the 160°C set point, 
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Figure 4.4 - Temperature profile used to determine repeatability o f test instrument
Empty Quartz Tube Tests
Testing on empty quartz tubes was conducted after the system was
determined to remain stable and repeatable w ithou t the quartz sample in the
instrum ent These tests consisted o f an empty quartz tube in the sample holder
w ith  the same temperature profile  as seen in Figure 4.4, fo llowed by the fu ll length
epoxy cure cycle profile.
Figure 4.5 shows three in itia l shortened baseline tests to check the 
repeatability of the test instrum ent w ith  an empty quartz tube present. The 
maximum displacement between any tw o measurements occurred during the 
heating portion of the cycle at 126°C, which yielded repeatability to w ith in  lOOnm of 
each other. The heating and cooling portions o f the cycle do not match up perfectly 
and are not linear, which reveals some thermal lag in the system despite efforts to
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reduce this. Figure 4.5 shows that this occurs most often at temperatures above 
90°C and can result in up to a 200nm difference between displacements during the 
heating and cooling ramps.














Figure 4.5 -  Three shortened baseline tests overlaid to demonstrate repeatability 
4.5 Sum m ary
The test instrument was thoroughly tested w ithou t any epoxy in the fused 
quartz tubes to characterize the empty system. The results o f the testing reveal that 
the instrument was stable to w ith in  about lOOnm. W hile this is higher than our 
proposed criteria of 50nm, the instrum ent is predictable and the baseline can be 
used to determine stresses in the epoxy filled tubes during the next phase of testing. 
The thermal heating of the LVDT body has been addressed by the use o f the 
constant temperature water bath and the LVDT cooling support structure. The 
accuracy of the water bath holds the LVDT temperature w ell below the system
instability at 116.4nm/°C. Some concerns s till lie w ith in  therm al gradients inside 
the furnace on the sample and reference rods; however efforts are being made to 
eliminate any possible gradients by u tiliz ing  thermal m ixing techniques. While the 
instrument is continuously being modified for improved stability, we are confident 
in its ability to measure the epoxy filled tubes fo r stress analysis.
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CHAPTER 5
EPOXY CURE TESTS 
5.1 Introduction
This chapter discusses the in itia l research o f the stresses formed from  curing 
epoxy inside the fused quartz tubes. The MRC cycle was chosen most frequently for 
testing the epoxy samples, however we adjusted these times w ith  some testing to 
observe the effect i t  had on the epoxy cracking. Epoxy samples which remained in 
perfect adhesion to the quartz tubes all experienced substantial cracking, thus 
replicating the conditions inside the 3D woven carbon fiber composites. The 
cracking in the tubes was seen in the displacement data, which allowed us to 
calculate the stresses at the time o f fracture. W hile the magnitude o f the stresses 
are still under investigation, in itia l results are measured anywhere from  30- 
300MPa. The reasons for this range and some insight to any unexpected results are 
discussed in the fo llow ing sections.
5.2 Specimen Preparation
The fused quartz tubes used as samples were all prepared using the same 
method to ensure consistent results from  test to tes t The method included precise 
cutting, polishing, and cleaning o f each tube to the same dimensions. The tubes 
were purchased in four foot sections, w ith  six m illim eter outer diameter and either 
two or three m illim eter inner diameter. They were firs t cut into 25mm lengths
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using a diamond saw. We then polished the ends o f the rough cut tubes on the 
polishing wheel using 180 g rit sand paper and water. The polishing step allowed us 
to get them all to the same length and squared up the ends so the end caps could sit 
flush on the samples.
After cutting and polishing, a specific method to cleaning the fused quartz 
tubes was developed to ensure perfect wall adhesion during curing, avoiding 
delamination. Delamination from  the quartz tubes would result in a measurement 
of the strength o f the interface, rather than the fracture resistance o f the epoxy. 
Fused quartz tubes were placed in an ultrasonic cleaner and cleaned for: 25 minutes 
in soap and water mix, 10 minutes in water, 10 minutes in water, then 5 minutes in 
ethanol, flushing the bath between each cycle. The samples were then cooked in a 
furnace at 200°C for 30 minutes to dry. This method exhibited good wall adhesion 
for the tests we ran so no adhesion promoters were implemented.
5.3 Manufacturer Recommended Cure Cycle
The manufacturer recommended cure cycle for the RTM-6 epoxy was used to 
firs t recreate the stresses and m atrix m icrocracking seen in the 3D woven carbon 
fiber components. The product data sheet process specification states to preheat 
the resin to 80°C and the mold to 120°C p rio r to injection. A fte r injection, the part is 
cured at 160°C fo r 75 minutes, and then cooled to room temperature. The part is 
then placed in a post cure oven out o f the mold at 180°C for 120 minutes, w ith  a 
l°C /m in  ramp to temperature depending on the part thickness.
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The cure cycle we chose to use for curing epoxy in the test instrum ent was a 
slightly modified version o f the recommended cure cycle. It consisted o f a 
5°C/minute ramp from room temperature to the 160°C cure temperature, 75 
minutes at cure temperature, followed by a 5°C/m inute ramp back down to room 
temperature, as seen in Figure 5.1. This cure cycle differs from  the recommended 
cure cycle in that ours starts from room temperature, instead o f 120°C. This is 
required in our design because we must physically place the injected quartz sample 
into the furnace and ensure proper sample alignment between the sample rod and 
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Figure 5.1 -  Manufacturer recommended cure cycle fo r Hexcel RTM-6 resin
The slow ramps up to cure and back to room temperature were implemented 
to accommodate for thermal lag between the control thermocouple and the actual 
temperature o f the sample. Also, the slow ramps allowed the all rods inside the 
furnace to come up to temperature at an even pace. A temperature gradient inside
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furnace to come up to temperature at an even pace. A temperature gradient inside 
the furnace could result in  warping o f the reference rods or sample rod, resulting in 
an artifact in the measurement in the quartz tube diameter. F irst order 
approximations o f the time constants fo r the rods, back plate, and sample inside the 
furnace te ll us that temperatures should stabilize on the order o f a second; however 
testing showed us that heating the furnace at faster rates resulted in unexplained 
and unwanted differences between the heating and cooling cycle displacements.
5.4 Epoxy Cure Testing
The cause of the microcracking is a combination o f the cure shrinkage and 
the CTE mismatch between the epoxy and the fibers in the composite. Since we are 
studying the microcracking in RTM-6, the only factor we have control over is the 
CTE mismatch when using the MRC. We can a lter the stresses in the epoxy at a 
given temperature by either changing the dimensions o f the tube the epoxy is 
encapsulated in, or changing the tube material. The only variable that we modified 
was the inside diameter o f the fused quartz tubes.
Using the cure cycle seen in Figure 5.1, the epoxy samples exhibited cracking 
sim ilar to what was seen inside the 3D woven carbon fiber components. Figure 5.12 
illustrates the cracking inside the quartz tubes from  three separate tests. The 
location of the cracking was never consistent or predictable; however the 
magnitude o f the cracks and measured displacement due to the quartz tube 
expansion during cracking remained repeatable. The large caps on the ends o f the 
quartz tubes in Figure 5.12 were used to keep the epoxy inside the sample tube
before the epoxy was cured. The end caps consisted o f fused quartz plates to seal 
the ends o f the quartz tube, as well as Viton O-rings to gently hold the end caps on 
the sample.
Figure 5.2 -  Fractured epoxy inside fused quartz tubes
A fu ll length epoxy test as described through the temperature profile in 
Figure 5.1 returned the displacement data as seen in Figure 5.3. Throughout the 
heating and curing regions o f the test the displacement o f the quartz tube remained 
fa irly  stable and linear, yet during the cooling portion o f the test length two 
discontinuities can be noted at around 110°C and 40°C. Both discontinuities are 
rapid expansions o f the tube, a ttributed to the epoxy cracking, therefore releasing 
internal stress and allowing the quartz tube diameter to increase.
It is im portant to note the direction of the displacement seen in Figure 5.3 
and in subsequent figures. The radius o f the tube appears to be decreasing as the 
temperature increases, suggesting the tube is actually shrinking as it  is heated. In
fact, this can be explained by the material difference between the Invar reference 
rods and the quartz tube samples. The CTE o f quartz is significantly less than that of 
Invar. When the furnace is heated both the Invar and the quartz expand, however 
the Invar expands more than the quartz tube. This leads to the appearance o f 
shrinkage o f the sample while the tube actually expands.
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Figure 5.3 -  Radial deformation data from epoxy test
The data from Figure 5.3 is used to determine the triax ia l stresses in the 
epoxy during the entire cure cycle by calculating the deformation-induced 
displacements by subtracting the baseline displacements fo r an empty tube. This 
was done by averaging the repetitive baseline tests seen in Figure 4.5 to create 
Figure 5.4 below. Since the baseline tests are a shortened version o f the epoxy cure 
tests, the data sets were artific ia lly  lengthened in Matlab. The data sets were 
lengthened only over the cure cycle o f the test when the furnace temperature was at
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a stable 160°C. The shortened tests remained at the temperature fo r 10 minutes 
while the epoxy tests were held at 160°C fo r 75 minutes. This data expansion was 
done by taking each data point in the shortened test and expanding i t  over to seven 
or eight points in length, resulting in a data set which is 7.5 times the length o f the 
original.





60 80 100 120 140 160
Average Temperature (C)
40
Figure 5.4 -Averaged and lengthened displacement fo r  shortened baseline tests
The averaged and expanded baseline tests are then compared to the epoxy 
test seen in Figure 5.3. When plotted together as in  Figure 5.5, i t  becomes easy to 
view the difference in displacement between the radial displacement o f the empty 
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Figure 5.5 - Epoxy cure test plotted against baseline test
It is im portant to note the conversion from  diameter displacement in the original 
figures to the radial displacement used in Figure 5.5. This is because the test 
instrument measures the change in diameter o f the quartz tube during the test and 
the thick walled pressure vessel equations require radial measurements to calculate 
internal pressure.
The triaxia l stress in the epoxy was calculated know ing the difference in 
radial displacement between the empty quartz tubes and the epoxy filled quartz 
tubes. By subtracting the empty quartz tube data from  the epoxy filled tube data, we 
were able to remove the displacements due to therm al expansion o f the empty 
quartz tube. This resulted in a data set that included displacements only due to the 
epoxy expansion and contraction from  curing. Equation 3.4 was then used to 
calculate the triaxia l stress present inside the epoxy filled quartz tubes for all times
during the test length. The mechanical properties used in Equation 3.4 for fused 
quartz was E =  l l . IG P a  andv =  0.17.
Multiple epoxy tests were conducted to check the triax ia l fa ilure stress values 
in the epoxy. A second test, shown in Figure 5.6, displays both the baseline and 
epoxy radial displacement data against temperature and time. Viewing the data 
against time is more intu itive to understand w hat is going on during the test, while 
viewing the data versus furnace temperature gives a better understanding for the 
hysteresis in tests and any d rift tha t may appear. Two discontinuities in the data 
during the cooling cycle are apparent in Figure 5.6, both o f which are attributed to 
cracking in the sample.
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The triaxia l stress is shown in Figure 5.7. The stress inside the epoxy 
increases steadily while the furnace is heated from  room temperature up to the cure 
temperature. A small stress increase can be observed while the sample is held at the 
cure temperature and is attributed to the cure shrinkage. This cure shrinkage 
induces a triaxia l tensile stress in the epoxy, which is then increased when the 
furnace begins to cool back to room temperature. During cooling both the epoxy 
and the quartz tube shrink due to th e ir positive CTE, however the much larger CTE 
of the epoxy means the epoxy is restrained from  shrinking.
Figure 5.7 -  Triaxial stress vs. tem perature and tim e graph f o r  epoxy cure test
This resulted in increased stress as the furnace cooled. Stresses reached a 
peak value o f 52MPa before the firs t significant crack forms, a llow ing the quartz 
tube to expand and internal pressure to s lightly decrease. Stresses continued to rise 
while the sample cooled before the test concluded at finals values o f 35°C and
10 40 60 80 100 120 140 160
Temp (C)
CL
0 20 40 60 80 100 120 140
Time (min)
50
50MPa. The second sharp decrease in the data was not captured due to data set 
mismatches between baseline and epoxy test, however this occurred shortly after 
the test stopped and somewhere around the 52MPa in itia l fa ilure stress.
Figure 5.8 and Figure 5.9 display another set o f epoxy cure test data, which 
fo llow  a sim ilar trend to the previous test. The maximum radial displacement o f this 
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Figure 5.8 - Displacement vs. temperature and time graphs fo r  epoxy cure test
Figure 5.9 shows the firs t resin crack occurred at about 110°C and 90MPa. A fter the 
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Figure 5.9 - Triaxial stress vs. temperature and time graph fo r epoxy cure test
We selected tubes w ith  3mm inner diameter to change the stresses at a given 
temperature and increase the stress induced deflection o f the tube. A th inner w all 
thickness resulted in more displacement o f the quartz.tube, making measurements 
more accurate. A t the same time we also refined the epoxy injection method, which 
resulted in more consistent results between epoxy samples and baseline samples. 
The improved injection method consisted o f gluing one end cap on to the empty 
quartz tube, filling  the tube w ith  heated epoxy, placing in a vacuum chamber to 
remove all a ir bubbles, then attaching the top end cap. This method ensured the 
epoxy was sealed inside the quartz tube, as w ell as removing all a ir bubbles from  the 
epoxy. The presence of a ir pockets decreased the stresses inside the quartz tube 
during the cure cycle because the a ir could expand to f ill the increased volume 
inside the tube due to cure shrinkage.
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Figure 5.10 displays the firs t epoxy test w ith  modified tube dimensions and 
epoxy insertion strategy. The displacement o f both empty quartz tube and epoxy 
filled tube followed the same displacement curve during the heating and half of the 
cure cycle. This occurred because the epoxy does not begin to cure un til m id-way 
through the cure cycle, as shown in Figure 2.1. A t about 75 minutes the epoxy began 
the curing process, which is seen as a decrease in radial displacement. The tube 
radius continued to decrease throughout the cool cycle; however the many small 
discontinuities in radial displacement data are attributed to the cracking epoxy.
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Figure 5 .1 0 - Displacement vs. tem perature and tim e graphs f o r  epoxy cure test
The firs t small discontinuity occurred at about 110 minutes and 125°C. The 
calculated triaxia l stress in the epoxy at this po in t is approximately 175MPa, seen in 
Figure 5.11. The stress continues to increase as the temperature is reduced, causing 
increased cracking.
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Figure 5.11 ■ Triaxial stress vs. tem perature and time graph fo r  epoxy cure test
The stresses seen in Figure 5.11 are much larger than in previous tests; 
however this can be attributed to the sealed end caps and the absence o f gases in 
the sample. On previous tests, the epoxy was allowed to escape the tube and 
become replaced w ith  oxygen, reducing internal stress. The internal gasses were 
also reduced w ith  the improved epoxy injection method. The vacuum chamber 
removed any gasses from  the epoxy before the sample was inserted into the test 
instrument.
5.5 Modified Cure Cycles
An in itia l cure cycle investigation was done to begin determ ining the 
required cure time and temperature to avoid cracking in the cured epoxy. The 
strategy we used was to slowly decrease the MRC dwell time un til the epoxy did not 
fracture. The samples which did not crack during the in itia l cure cycle were then
put through the recommended post cure cycle at 180°C fo r 120 minutes. 
Unfortunately all o f these samples ended up cracking in the post cure cycle, yet the 
cracks were not as substantial as when they failed in the cure cycle. Figure 5.12 
illustrates the severity of the cracking based on tw o d ifferent cure cycles. The 
sample on the left was cured using the MRC cycle. Many cracks formed along the 
entire length of the tube. The sample on the righ t was cured using a shortened cure 
cycle o f 20 minutes at 160°C, followed by a standard post cure cycle. The number of 
cracks was greatly decreased w ith  only one main horizontal crack in the center. 
While we were not able to collect stress data fo r these tests, visually there seems to 
be an improvement in terms of crack severity.
Figure 5.12 -  Comparison of epoxy crack severity in fused quartz samples
As seen in Table 5.1, the cure cycle tim e was reduced to 20 minutes before no 
cracking was observed. However the samples did crack when they fu lly  cured in the
post cure cycle, it  is not clear whether this is due to the cure shrinkage or CTE 
mismatch. Another strategy we attempted was to increase the cure temperature at 
the shortened cure times. This would increase the cure rate o f the epoxy, but 
restrict the cure amount w ith  a short dwell time. There did not seem to be any 
advantage from this strategy, however we did not have any access to a device to 
measure the degree o f cure for numerical confirmation. Note tha t some of the tests 
in Table 5.1 were repeated several times to ensure consistent results.
Table 5.1 -  Initial cure cycle investigation results
Cure Cycle Post Cure Cycle
Time Temp Result Rate (C/min) Time Temp Result
75 160 Crack - - - -
60 160 Crack - - - -
60 160 Crack - - - -
50 160 Crack - - -
40 160 Crack ■ - - - -
20 160 no crack 3 120 180 Crack
15 160 no crack 3 120 180 Crack
20 180 no crack 3 120 180 Crack
30 180 no crack 3 120 180 Crack
30 170 Crack - - - -
5.6 Sum m ary
The prelim inary epoxy testing returned some interesting results, however 
the actual triaxial failure stress o f the epoxy has yet to be determined. The testing 
has shown promising results w ith  increased displacements when the epoxy is 
present compared to the empty quartz tube tests and discontinuities when cracking 
occurs. The triaxia l stresses that we have measured vary from  about 30MPa to
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175MPa, however fu rther testing into this subject is expected to narrow  down 
results.
The improved method o f epoxy injection proved to increase the failure 
stresses seen during curing. Reducing the amount of trapped gasses inside the 
quartz tube through vacuum chamber and sealed end caps forced the epoxy to cure 
to all surfaces w ithou t shrinking. The chemical shrinkage from  curing then is 
directly translated to the radial deformation o f the quartz tube.
Two different inner diameter size tubes were used in testing which affected 
overall tube deformations during curing. The larger inner diameter tube, w ith  a 
th inner wall thickness, allowed the epoxy to deform more when undergoing 
chemical shrinkage. The smaller inner diameter tubes did not allow for as much 
cure shrinkage, resulting in samples which are expected to crack sooner. We were 
not able to perform  enough epoxy tests to address this assumption; however it  w ill 
be investigated in future testing.
Test results have yet to be repeatable enough to accurately determine the 
fracture stress, yet the short experimentation on cure cycle times showed 
improvement in the microcrackmg issues. No cracking in the epoxy occurred during 
the shortened cure cycle, followed by m inor cracking during the post cure cycle.
This reduction in the severity o f the cracks could be due to a final product which did 




CONCLUSIONS AND FUTURE WORK
6.1 Conclusions
The main focus o f this research was to develop a test instrum ent which could 
determine the triaxia l tensile stress throughout curing and fa ilure in RTM-6 epoxy. 
Through this work, the two axis d ilatom eter style test instrum ent designed was 
shown to accurately measure displacements in  the required range fo r the radial 
axis, cure epoxy, and recreate the microcracking seen in the 3D woven carbon fiber 
composites. In itia l epoxy testing was conducted fo r stress evaluation; however this 
w ill be the topic of fu rther research w ith  the instrum ent developed.
Understanding the curing characteristics o f epoxy was an im portant part o f 
predicting the expected deformations o f the fused quartz sample tubes. 
Deformations which occur in the epoxy and are translated to the quartz tube consist 
of both thermal expansion and chemical shrinkage. Both o f these factors contribute 
to the residual stresses inside the epoxy from  cure, resulting in  microcracking.
While in itia l design criteria  o f the test instrum ent were met, the device is still 
undergoing m inor changes to increase repeatability. Through many tria l and error 
periods, it  was found that accurate temperature control on the LVDTs was necessary 
to keep a stable measurement when the furnace was in use. Invar was used in as 
many places in the test instrum ent as possible, especially inside the furnace due to
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its low  thermal expansion coefficient and ab ility  to be machined to our 
specifications. Unexpected deformations were reduced by the use o f Invar and by 
insulating the LVDT mounts as much as possible from  the furnace heat. Overall the 
changes made to the system allowed fo r nanometer resolution and about lOOnm 
repeatability.
While some further modifications and the addition o f the axial axis are s till 
required for the instrument, some in itia l epoxy cure testing was performed. The 
triaxia l stress values computed are too scattered to draw  conclusions from  
currently, but he data does show that displacement values fo r the cracks can be 
measured. Knowing the temperature o f the furnace at the tim e o f fracture also 
shows that the cracks formed after the cure cycle completed and was return ing to 
room temperature. This suggests that the main source o f fracture was the CTE 
mismatch between the cured epoxy and the quartz tube, w hile  the chemical 
shrinkage merely added to the form ation o f residual stresses.
Another conclusion that can be drawn from  the epoxy testing was the effects - 
of the cure cycle length on the severity o f crack form ation in the epoxy. Decreasing 
the cure dwell time restricted the amount o f curing which could occur, reducing 
residual stresses to a point where no cracks formed. The post cure cycle was then 
applied to finish the cross-linking process and fu lly  cure the epoxy. These samples 
resulted in fracture, yet at a much low er rate than fu ll length cure cycle tests.
Further testing must be done to determine the fracture stresses in the epoxy during 
the shortened tests and to compare them to fu ll length tests.
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6.2 Direction for Future Work
The purpose for this section is to guide the continuation o f the 
experimentation w ith  the bu ilt test instrument. -
Test Instrument Completion
The test instrument is currently  only measuring the radia l axis o f the tube.
Once a solution for achieving repeatable results in the radial d irection is found, the
axial mount should be designed and b u ilt to match. The design should make it
simple to insert an epoxy filled sample into the furnace fo r faster testing. Smoother
LVDT adjustment is also something that could be improved instead of sliding the
back plate to be w ith in  the 0.5mm range o f the LVDT. Also the sample should be
enclosed in a small chamber inside the furnace to reduce any therm al gradients
present. There are many small improvements that can be made to the instrum ent
which could make testing faster and more repeatable, however the main focus
should be on the axial setup.
Epoxy Testing
Repeatable results should be easily achieved w ith  the finalized instrument. 
Baseline measurements which match the epoxy measurements w ill yield more 
accurate stress values. The stress values measured w ill then dictate the resulting 
cure profiles chosen for this epoxy. W ith  some in itia l cure pro file  testing completed, 
a basis for testing has been introduced for reducing residual stresses. Further 
investigation should study the effect o f d ifferent heating and cooling rates, cure 
profiles w ith  intermediate cooling, and post cure temperatures. The study o f cure
60
profiles has been well covered by other research papers in the past, which should 
act as a starting point for this study.
Successful completion o f material characterization o f RTM-6 epoxy to triaxia l 
stress failure w ill a llow companies to use the resin in more ways than were 
previously feasible. The instrum ent and strategies developed in this research are 
applicable to most epoxy resins in use today. Other types and brands o f epoxies can 
then be tested to determine the triaxia l fa ilure stress, resulting in the fu rther 
progression of composite materials in the industria l setting.
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